Sequential changes occurring in cell walls during expansion, secondary wall (SW) deposition and lignification have been studied in the differentiating xylem elements of Holoptelea integrifolia using transmission electron microscopy. The PATAg staining revealed that loosening of the cell wall starts at the cell corner middle lamella (CCmL) and spreads to radial and tangential walls in the zone of cell expansion (EZ). Lignification started at the CCML region between vessels and associated parenchyma during the final stages of S 2 layer formation. The S 2 layer in the vessel appeared as two sublayers,an inner one and outer one.The contact ray cells showed SW deposition soon after axial paratracheal parenchyma had completed it, whereas noncontact ray cells underwent SW deposition and lignification following apotracheal parenchyma cells. The paratracheal and apotracheal parenchyma cells differed noticeably in terms of proportion of SW layers and lignin distribution pattern. Fibres were found to be the last xylem elements to complete SW deposition and lignification with differential polymerization of cell wall polysaccharides. It appears that the SW deposition started much earlier in the middle region of the fibres while their tips were still undergoing elongation. In homogeneous lignin distribution was noticed in the CCML region of fibres.
materials consisting of a tight mixture of polysaccharides and polyphenols organized around the crystalline and amorphous cellulose microfibrillar (CMFs) network. In this composite, cellulose represents 40-50% of dry weight which provides the precise and specific anisotropic organization of the thick SW because of its supra-molecular microfibril architecture (Ruel et al. 2006) . Despite overall similarities there are also substantial differences in structure and composition of cell walls between different trees growing in temperate and tropical climates. Considerable work has been carried out on ultrastructural aspects of wood formation in softwood species (Donaldson 2001; Putoczki et al. 2008) . The process of cell differentiation during wood formation is not fully understood particularly in hardwood species which have a complex wood structure, in particular in tropical species. Therefore, in the present study we selected the Indian elm tree (Holoptelea integrifolia), a tropical, deciduous, diffuse porous tree with storied cambium. Holoptelea integrifolia belongs to the family Ulmaceae, having 15 genera and about 200 species, distributed over tropical and temperate regions of the Northern Hemisphere including the Indian peninsula to Indo China and Srilanka (Sharma & Singh 2012) . The Indian elm is a large deciduous tree, distributed throughout the greater part of India up to an altitude of 2,000 feet. The anatomical structure and tissue composition of wood in Holoptelea integrifolia has been reported by Pearson and Brown (1932) . The wood is considered to be of commercial importance and is used for indoor building purposes, low cost furnitures, cabinet works, plywood, packing cases, match boxes and for paper pulp. It is also a good fuel wood with high calorific value. rao et al. (2011) reported the development of derivatives from the storied cambium in Holoptelea. This study describes the sequential ultrastructural changes occurring in the cell wall during cell expansion, SW deposition and lignification in differentiating xylem elements.
MATERIALS AND METHoDS
The material used for this study was collected from the main trunk of three Holoptelea integrifolia trees growing in the Jambughoda forest of Gujarat State, India during September 2004 when the cambium was active. After chiseling away the 3 × 5 cm wide strips of bark with outer cambial cell layers, ice-cold Karnovsky's fixative solution in Sorensen's buffer at pH 7 (Karnovsky 1965 ) was applied to the exposed inner cambial zone cell layers and the soft differentiating xylem tissue on the main trunk. Tangential strips (10 × 5 mm, 1-2 mm thick) of xylem containing both differentiating layer and mature tissue were cut using sharp double-edge blades from the exposed surface of the trunk. About 8 such stripes were collected from the trunk surface and immediately dropped into ice-cold fixative. After reaching the laboratory, the samples were diced into 1-2-mm pieces with a sharp blade and put into fresh fixative solution followed by secondary fixation in 2% osmium tetroxide each for overnight duration at 4°C. After a cold buffer wash, the tissues were dehydrated in graded series of cold acetone and embedded in Spurr's epoxy resin (Spurr 1969) .
Semi-thin sections were cut on rmC Powertome X ultramicrotome using a glass knife and stained with toluidine blue and photographed with Image Pro-Plus. For transmission electron microscopy (TEM), ultra-thin transverse sections were taken using a diamond knife, placed on nickel and gold grids and subjected to periodic acidtheocarbohydrazide-silver proteinate (PATAg, Thiery 1967 ) and potassium permanganate (Donaldson 1992) staining for visualization of cell wall polysaccharides and lignin, respectively. Sections were examined in a Jeol 1212 TEM at 80 kV.
Immuno-gold labeling was carried out according to Joseleau and Ruel (1997) using polyclonal antibodies raised in rabbit against non-condensed syringyl/guaiacyl lignin (S/G 5/1DHP). Ultra-thin sections, mounted on uncoated nickel grids (300 mesh), were incubated in the antiserum (primary antibody) diluted in PBS buffer containing 0.05% tween. Sections were then labelled with goat-anti-rabbit antiserum (secondary antibody) conjugated to colloidal gold (10 nm particle size). Sections were examined with a Jeol 1212 TEM at 80 kV after counterstaining with 4% uranyl acetate. Control samples were treated as described above, except that either the primary antibody was omitted from the incubation solution or pre-immune rabbit serum was used instead of the primary antibody.
RESULTS
The sequential developmental stages of xylogenesis from cambial derivatives towards mature xylem were identified from transverse semi-thin sections of xylem stained with toluidine blue (Fig. 1A) . The zone of cell expansion (EZ) that started from the centripetal end of the cambial zone (CZ) was identified by the presence of randomly arranged larger cells distinct from the radially seriated cambial cells. The differentiating cells initially undergo radial expansion followed by tangential expansion as they are moved away from the cambial zone.The radial seriation found in the cambial zone is lost among cambial derivatives as they undergo tangential expansion. Cell specialization started well before the deposition of SW material. Among all differentiating cells, vessels in particular appear largest in transverse diameter followed by axial parenchyma and fibres. The cells in the EZ showed thin primary walls, often appearing wavy due to the pressure caused during trimming of the samples. The cell walls of EZ appeared similar in electron density to those of the cambial zone following PATAg staining. these cells showed a distinct thin primary wall layer while cell corners were apparently loosely organized and electron translucent (Fig. 1B) . The loosely organized CMFs were more prominent in the cells differentiating into fibres undergoing intrusive elongation. Fibre initials were also recognized by their narrow lumen area, distinct from the surrounding cells and representing transversely cut portions of the intrusively growing cell ends (Fig. 1B) . The primary walls in the cells of EZ revealed electron translucent areas throughout the middle lamellae region following PATAg reaction indicating loosely organized middle lamellae surrounded by primary walls (Fig. 1C) . Such loose organization of cell walls continues even during the initial stage of SW deposition (Fig. 1d) . However, the primary walls soon became compact and appear uniformly dense when the SW deposition is in progress, while the CCmL showed electron translucent areas.
Among the differentiating xylem elements, vessel member initials are the first cells to deposit SW layers that appear as loosely organized CMFs against the primary wall (Fig. 1E) . Interestingly, the initial deposition of SW layers starts on the centripetal end (towards xylem) of the vessel primary wall and appears to spread gradually towards via free access the centrifugal end (towards cambium). The early deposited CMFs of the SW appear more compactly arranged than the recently deposited ones (Fig. 1F ). The vessel associated parenchyma did not show SW deposition at the time when the SW deposition started in the vessels. The completely deposited SW appeared three-layered with the S 2 layer having two sublayers, an inner and outer one, followed by a thin S 3 layer (Fig. 1G ). Lignin deposition began in vessels at the time of S 2 layer deposition. the Kmno 4 staining indicated that traces of lignin deposition first occurred in the middle lamella region between the vessel and associated parenchyma cells (Fig. 1H) . the CCML and primary wall region of the vessel wall adjacent to the ray parenchyma also showed electron dense areas. With progress of SW deposition, lignin spreads radially among wall layers from the middle lamella towards the cell lumen. Lower lignin levels were noticed in the S 1 layer whereas the S 2 layer showed distinct differences in lignification pattern between its sublayers. The inner sublayer was characterized by more lignin than the outer one ( Fig. 1I ). The thin S 3 layer also showed more lignin than the other SW layers.
Vessel associated parenchyma cells were the second xylem element type that underwent SW deposition. The SW deposited in these cells was thinner than those of the adjacent vessels except near the cell corners (Fig. 1I ). The KMno 4 staining revealed electron dense areas in the middle lamella region towards the vessel wall while the wall shared with the adjacent fibre undergoing SW deposition was electron translucent. Among SW layers, S 1 and S 2 layers of paratracheal parenchyma showed more or less similar thickness while lignin proportion was higher in the S 2 and thin S 3 layer ( Fig. 2A) . Randomly distributed electron translucent regions appeared in the CCML region between vessels and associated parenchyma indicating in homogeneous lignin distribution.
The contact rays showed SW deposition and subsequent lignification after the completion of cell wall lignification in the adjacent vessel associated parenchyma cells (Fig. 1G ), whereas the SW deposition in non-contact rays occurred later, and these cells were still without SW when the adjacent fibres were undergoing the final stages of S 2 layer formation. Due to the elongation of developing fibres, the SW deposition starts in the middle region of the cell and then spreads to the cell ends. The process of SW deposition and lignification in fibres ends only after ray and apotracheal parenchyma cells have developed lignified SWs. The SW of apotracheal parenchyma appears relatively thin and uniform with simple pits (Fig. 2B) . No apparent difference was found in the lignin distribution between S 1 and S 2 wall layers of parenchyma cells while a thin S 3 layer was characterized by high lignin deposition (Fig. 2C) .
In non-contact ray cells, the SW layer may be laid down first on the radial walls common between the adjacent ray cells (Fig. 2d) . Similar to vessels, ray cells also showed SW deposition extending radially from xylem towards cambium (Fig. 2E) . the area of a ray cell's tangential wall with plasmodesmatal connections and no SW deposition may develop into a pit membrane of a simple pit (Fig. 2E) . The fibres remain with an incomplete SW even after lignification of SW layers in the adjacent ray cells. The radial wall between adjacent ray cells was thicker than the wall shared with adjacent fibres (Fig. 2F) . the SW layering was not apparent in ray cells.
The deposition of SW in fibres started prior to that of ray and apotracheal parenchyma cells (Fig. 3A ). It appears that the deposition of the thick S 2 layer in elongated fibres takes longer than that of other cells. Hence fibres are found to be the last elements in the xylem to complete the process of SW deposition and lignification in Holoptelea. Fibre cells which were 15-20 cells radially away from the cambial zone showed the initiation of SW deposition. In transverse view, larger diameter cells representing middle portion of the differentiating fibres showed more SW material. The adjacent narrow diameter cells representing intrusively growing terminal portions of fibres had relatively less SW. The CCML region of fibres remained loosely organized until the partial deposition of the S 2 layer (Fig. 3B ) and became condensed following completion of S 2 layer deposition (Fig. 3C) . The newly formed S 1 and S 2 layers of SW had loosely organized CMFs, gradually changing in orientation. After the complete deposition of SW layers, the S 1 layer had CMFs running at a right angle to the cell axis while S 2 was characterized by helicoidal arrangement of CMFs (Fig. 3B) . The lignification of fibres started at the CCML region when the adjacent apotracheal parenchyma had completed wall deposition and lignification (Fig. 3d) . The CCML region showed both electron translucent and opaque regions indicating heterogeneous lignin distribution (Fig. 3d) . Subsequently, lignin deposition spread towards the inner wall layers (Fig. 3E) . the SW layers showed distinct differences in lignin distribution pattern between its three layers, the S 1 layer presents more electron translucent regions than the other regions of SW indicating that this layer had a far lower lignin concentration (Fig. 3F) . The last formed thin S 3 layer in fibres showed more lignin compared to the S 2 layer (Fig. 3F) .
Electron microscopic analysis of sections incubated with lignin SG type antibodies revealed that the cell walls of apotracheal parenchyma showed relatively weak labeling whereas heavy labeling was noticed in the SW of vessels (Fig. 3G) . The distribution of epitopes were mostly confined to the CCML and inner regions of the S 2 layer while S 1 and S 3 layers were weakly labeled (Fig. 3H) . dISCuSSIon The pattern of SW deposition and lignification has been followed in both the axial and radial elements of Holoptelea using PAtAg and Kmno 4 staining methods under TEM.
The first visual change in the cell wall structure in the zone of expansion (EZ) is the loosening of wall materials at the cell corners and its extension to radial and tangential walls. Similarly, the middle lamella region of cells in EZ becomes completely electron translucent following PATAg reaction indicating structural disorganization of wall polysaccharides. The primary walls of cambial derivatives have a high content of cellulose and methylated pectins (Catesson 1990; Catesson et al. 1994 ) and the changes in the amount and composition of wall polysaccharides plays an important role in cell expansion (Catesson & Roland 1981; Barnett 1992) . The presence of substantial amounts of acidic pectin arising from de-esterification of methylated pectins is a characteristic feature of cambial xylem derivatives and allows greater radial growth (Catesson 1994) . Therefore, loosely organized middle lamellas in the expanding xylem derivatives of Holoptelea can be due to the accumulation of acidic polysaccharides associated with cell wall expansion and elongation growth.
In Holoptelea, though all the elements in the axial system show heterogeneity in timing and proportion of SW layers, no apparent difference was found in the pattern of SW deposition. Samuels et al. (2006) proposed that a dramatic shift occurs at the transition between primary and SW production.The present study shows that the SW deposition starts in the vessel elements followed by associated parenchyma. A similar pattern has been reported in poplar (Murakami et al. 1999) and in Japanese oak (Yoshinaga et al. 1997) . The initial deposition of CMFs begins from the wall facing mature xylem and spreads towards the opposite wall of the vessel. The CMFs deposition is believed to be controlled by cortical microtubules. During the final stage of the radial expansion phase, cortical microtubules assume a helical array, wrapping transversely around the late radially expanding cells in a pattern that strongly correlates with the microfibril deposition of first SW layers (Funada et al. 2000; Chaffey & Burlow 2002; Samuels et al. 2006) . The variation found in the orientation of CMFs is in agreement with previous reports. The early deposited CMFs of SW appear more compactly arranged than the recently deposited ones. The cellulose chains are less tightly packed on the surface than in the interior of CMFs (Newman 1994) and, therefore, the inner structure of the wood cellulose microfibril differs from the structure of its outer surface layer (Xu et al. 2007) .
TEM study reveals that the SW deposition initiates at the middle region of fibre walls even while the tip is undergoing an elongation process. In addition to symplastic growth, fibres have intrusive growth, with local cell wall biosynthesis in the fibre tips (Dejardin et al. 2010) . There are different opinions regarding the timing of SW deposition in xylem elements. Theoretically, the SW is deposited after the primary wall ceases to grow in surface (Esau & Charvet 1978) . In developing fibres of bamboo, the SW formation occurs only after fibres have stopped elongating (He et al. 2000) . In contrast, SW deposition has been found in elongating cotton fibres (Schubert et al. 1973) and in Dendrocalamus asper (Gritsch & Murphy 2005) . These authors postulated that elongation of primary walls and SW deposition are not separate events and a substantial amount of SW is deposited before elongation stops. A similar pattern of early SW deposition prior to cessation of radial expansion has also been reported in conifer tracheids (Abe et al. 1997) . The SW deposition in elongating fibres of Holoptelea also suggests that cell expansion and SW deposition are not independent events, rather they can occur simultaneously. Another conspicuous variation in pattern of SW deposition found in the fibres of Holoptelea is that, although it begins earlier than in parenchyma cells, the S 3 layer deposition proceeds only after the completion of SW deposition and lignification of rays and all other axial elements. This differential polymerization of wall material might be due to the longer duration of elongation growth and to the thicker SW layers in fibres, and hence they are the last xylem elements to complete SW deposition and lignification.
A clearly distinguishable difference has been noticed in the PATAg staining reactivity between compound middle lamella (CML) and SW layers of the differentiating xylem of Holoptelea. on the basis of a number of studies CMFs orientation in a variety of taxa such as Arabidopsis, poplar and loblolly pine Samuels et al. (2006) support a view that cellulose synthesizing enzymes for the SW formation are different from cellulose synthases (CesAs) used in primary wall formation. Therefore, the heterogeneous nature of interaction between CMFs and other wall polysaccharides could result in differential staining intensity in primary and SW following PATAg staining.
Remarkable differences have been found in the proportion of SW layers in axial elements of xylem. In vessels, the thickest S 2 layer has two sublayers deposited in more or less equal proportion. The paratracheal parenchyma cells show overall reduction in SW deposition; however, they have a distinct, thick S 2 layer and thin S 1 and S 3 layers. on the other hand, fibre SW was characterized by a greater S 2 wall thickening and relatively thin S 3 layer. This variation in thickness of SW among different xylem elements might be related to the speed and extent of the cell differentiation process. In Holoptelea, the vessel elements and axial parenchyma are storied as they are derived from the storied cambium. The vessels undergo significant expansion both in radial and tangential directions before SW formation and lignification. on the other hand, fibre initials show limited lateral expansion but elongate vertically to attain lengths several times longer than fusiform cambial cells (Rao et al. 2011) .
In vessels, when the S 2 layer formation progresses, lignin deposition starts at the CCML region between the vessel and paratracheal cells and contact ray cells. on the other hand, axial parenchyma and fibres show lignification at a later stage. In Magnolia and Populus lignification was first observed in the vessel walls particularly at cell corners and middle lamellae (terashima et al. 1986a, b) . Murakami et al. (1999) also noticed that the lignification starts in vessel elements and contact rays while fibres lignify later. It has been suggested that non-lignifying xylem parenchyma is the source of peroxidase necessary for the polymerization of cinnamoyl alcohols in the secondary cell walls of dying/dead xylem vessels (Barcelo 2005) . In Holoptelea, the pattern of lignification is similar to that reported in other species. Lignin starts depositing at the CCmL and spreads to the primary wall after the start of SW formation, while lignification of the SW begins when SW formation is complete as judged by the presence of a S 3 layer (Donaldson 1992; Ruel et al. 2006) . Intensive peroxidase labeling at the cell corner regions of young xylem elements before SW deposition has been reported in poplar which implies that peroxidases are incorporated into the developing primary cell wall Grunwald et al. 2002) . these authors suggested that peroxidase may be involved in the preferential onset of lignification in these wall areas soon after the deposition of first SW polysaccharides. Lignification is more in evidence in the cell corners and CML region. According to Fujino and Itoh (1998) the highly porous carbohydrate matrix in the middle lamellae and primary wall allows greater lignin deposition by space filling than the densely packed secondary cell wall. Rausel and Lim (1995) suggested that the more ordered CMFs and tighter space in the middle lamellae favour the linkage with condensed lignin and further endwise polymerization leading to a non-condensed type of lignin. our immunolabelling study also shows the presence of a non-condensed GS type lignin in the inner SW layer of the vessel elements. In poplar, condensed lignin subunits are localized in cell corners of xylem derivatives prior to S 1 layer formation while non-condensed lignin units are labeled in the inner wall layers (Grunward et al. 2002) . According to ruel et al. (2006) the first deposited condensed lignin is more likely to interact with hemicelluloses coating the CMF surface and these could be the site of lignin-carbohydrate complexes which serve as anchors for lignin polymerization.
According to Higuchi (1997) and Terashima (2000) , the developmental sequence of lignin deposition in relation to pectin/polysaccharide matrix in softwood tracheids and hardwood fibres is principally the same. In Holoptelea, the lignification shows a progressive advance towards the cell lumen with the corresponding progress in the deposition of S 2 and S 3 layers. the S 1 layers show less lignin compared to the S 3 layer. In the tracheid SW of Pinus, the lignin distribution in the S 1 region is reported to have a distinct variation in its concentration at outer and lower regions (Maurer & Fengel 1991; Donaldson 1992) . It is obviously difficult to visualize cell wall changes occurring in a large population of different elements during xylogenesis, particularly when cell division and differentiation are at their peak level. one of the common features found in the SW of fibres and vessels is the low lignin level in the S 1 layer and the highly lignified S 3 layer. However, vessels are characterized by the presence of two sublayers in the S 2, i.e. inner and outer layers. Singh and Donaldson (1999) reported a similar kind of sublayering of the S 2 wall layer in compression wood tracheids of pine. In the case of the vessel SW of Holoptelea, the inner layer shows a higher lignin concentration than the outer one. The lignin concentration in vessel walls is reported to be higher than that of fibres and ray parenchyma (Saka 1991) . The higher lignin content in the vessel wall might be associated with the relatively high proportion of the highly lignified S 2 inner layer. In the case of fibres, the thick S 2 layer has no apparent variation in overall lignin distribution.
Compared to axial xylem elements, little information is available on the SW deposition and lignification pattern of ray cells which varies greatly among species. The present study shows that SW deposition and lignification follow different timing patterns for contact and non-contact ray cells. Contact ray cells undergo SW deposition and lignification immediately after completion of vessel differentiation while these events occur in non-contact rays at a later stage. Interestingly, the radial walls between adjacent ray cells are thicker than those adjacent to axial elements. However, the lignin distribution was higher in the wall adjacent to fibres. Eriksson et al. (1988) suggested that ray cells have a higher lignin concentration than fibre SWs. on the other hand, distinguishable heterogeneity has also been found in the SW thickness and lignification pattern between paratracheal and apotracheal parenchyma cells. The former shows more lignin content in CmL, S 2 and S 3 layers while apotracheal cells show more lignin in the CmL and S 3 layer. The difference in wall thickness was more apparent in the cell corner region of vessels and associated parenchyma cells. In oak wood, SW deposition and lignification occur first in the vessel elements and vessel-associated cells (Yoshinaga et al. 1997) . However, the difference in lignification pattern between apotracheal and paratracheal parenchyma cells is far from clear. We assume that the heterogeneity in the proportion of SW and pattern of lignification in the two types of axial parenchyma might be associated with their function. The paratracheal parenchyma may have adapted to resist the compressive stresses developed during the formation of adjacent large thick-walled vessels, therefore developing a thick, highly lignified SW. on the other hand, thinner walls and less lignification in apotracheal parenchyma might be related to storage function. However, more information from different hardwood species is required to differentiate the cell wall structure and function between apotracheal and paratracheal parenchyma.
In conclusion, the present study shows that during wood formation, the cell specialization starts much before the deposition of SW material. SW deposition spreads in a radial direction among the population of cells and within the same cell from xylem towards the cambium in vessel elements and ray parenchyma. The pattern of cell expansion, SW deposition and lignification in fibres indicates that these events occur sequentially but independently commencing before the completion of the preceding step. Fibres and vessel elements are the first elements to begin differentiation among cambial derivatives. However, fibres are the last cells to complete the differentiation process due to their elongation growth. Distinct variation was also noticed in the thickness of SW and lignification pattern between apotracheal and paratracheal parenchyma cells which may be related to their function. The ray cells are characterized by the absence of a distinctly layered SW, a feature perhaps related to radial arrangement of cells. Lignin deposition first begins in vessel elements and then spreads to the associated cells while its distribution is heterogeneous within the wall layers of xylem elements.
